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Pseudomonas sp. strain NS671, which produces L-amino acids asymmetrically from the corresponding
racemic 5-substituted hydantoins, harbored a plasmid of 172 kb. Curing experiments suggest that this plasmid,
designated pHN671, is responsible for the conversion of 5-substituted hydantoins to their corresponding
L-amino acids by strain NS671. DNA fragments containing the genes involved in this conversion were cloned
from pHN671 in Escherichia coli by using pUC18 as a cloning vector. The smaDlest recombinant plasmid,
designated pHPB12, contained a 7.5-kb insert DNA. The nucleotide sequence of the insert DNA was
determined, and three closely spaced open reading frames predicted to encode peptides with molecular masses
of 75.6, 64.9, and 45.7 kDa were found. These open reading frames were designated hyuA, hyuB, and hyuC,
respectively. Cell extracts from E. coli carrying deletion derivatives of pHPB12 were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and the gene products of hyuA, hyuB, and hyuC were
identified. The functions of these gene products were also examined with the deletion derivatives. The results
indicate that both hyuA and hyuB are involved in the conversions of D- and L-5-substituted hydantoins to
corresponding N-carbamyl-D- and N-carbamyl-L-amino acids, respectively, and that hyuC is involved in the
conversion of N-carbamyl-L-amino acids to L-amino acids.

Racemic 5-substituted hydantoins are intermediates in the
conventional chemical synthesis of the corresponding race-
mic amino acids. It has been reported that some bacteria
belonging to the genera Bacillus (33, 35, 37), Flavobacterium
(22, 27), and Arthrobacter (30), etc., can convert racemic
5-substituted hydantoins to the corresponding L-amino ac-
ids. The bacterial conversion consists of the following three
successive steps (22, 30, 31, 35, 36, 39). The first step is
either spontaneous or the enzymatic racemization of 5-sub-
stituted hydantoins. The second step is a ring-opening hy-
drolysis of 5-substituted hydantoins with an enzyme called
hydantoinase, and corresponding N-carbamyl-amino acids
are produced. This step is thought to be either L-isomer
specific or nonspecific but reversible. In the third step,
N-carbamyl-L-amino acids are hydrolyzed to L-amino acids
with an L-isomer-specific enzyme. As a result, the whole
racemic 5-substituted hydantoins are converted to corre-
sponding L-amino acids.
Pseudomonas sp. strain NS671, which produces L-amino

acids asymmetrically from corresponding racemic 5-substi-
tuted hydantoins, is one of the bacteria isolated in our
laboratory from soil (14). T o investigate the molecular
mechanisms of the reactions catalyzed by strain NS671, we
attempted to clone the genes involved in the conversion of
5-substituted hydantoins to corresponding L-amino acids. In
this paper, we describe the cloning and sequencing of the
genes and examine the functions of these gene products.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strain NS671
(FERM P-9543, Fermentation Research Institute, Agency of
Industrial Science and Technology, Ministry of International
Trade and Industry, Japan), which is able to convert racemic
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5-substituted hydantoins to corresponding L-amino acids,
was isolated from soil and identified as a Pseudomonas sp.
(14). Plasmid DNA, designated pHN671, was isolated from
strain NS671 by the alkaline lysis method (4), purified by
CsCl-ethidium bromide density gradient centrifugation (17),
and used as a gene source. The vector for cloning was
pUC18, and those for sequencing were M13mpl8 and
M13mpl9 (38). Escherichia coli JM103 (19) was used as a
host for recombinant plasmids.
Media, culture conditions, and chemicals. Strain NS671

was grown in LB medium (17) at 30°C. E. coli JM103
carrying recombinant plasmids were grown in LB medium
supplemented with 50 ,ug of ampicillin per ml at 30°C. The
agar plate of M9 medium (17), containing 0.1% DL-5-(2-
methylthioethyl)hydantoin as the sole nitrogen source in-
stead of NH4Cl and supplemented with 10 ,ug of MnSO4 per
ml, 1 ,ug of FeSO4 per ml, 1 ,ug of thiamine per ml, and 1 mM
isopropyl-o-D-thiogalactopyranoside (IPTG), was used as a
selective plate for gene cloning. Optically active 5-(2-meth-
ylthioethyl)hydantoin and N-carbamylmethionine were pre-
pared from D- or L-methionine (28) in our laboratory.

Plasmid curing. Test tubes containing 1.5 ml of LB me-
dium and various concentrations of acridine orange or
sodium dodecyl sulfate (SDS) were inoculated with strain
NS671 and shaken at 30°C overnight. Cells from the tube
containing the highest concentration of the potential curing
reagent that just allowed growth were spread on an LB agar
plate and incubated at 30°C overnight. Colonies were tested
for their ability to convert 5-substituted hydantoins to cor-
responding amino acids as follows. The cells from each
colony were inoculated into M9 medium containing 0.5%
DL-5-(2-methylthioethyl)hydantoin instead of NH4CI and
supplemented with 10 ,ug of MnSO4 per ml, 1 ,ug of FeSO4
per ml, 1 ,ug of thiamine per ml, and 0.01% yeast extract.
After incubation at 30°C with shaking overnight, the culture
medium was analyzed by thin-layer chromatography on
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silica gel 60 F-254 (Merck) with a solvent system of 1-buta-
nol-acetic acid-water (9:1:1, by volume), and the products
were detected by the iodoplatinate method (34).

Cloning of DNA. The plasmid pHN671 was partially di-
gested with MboI, and the DNA fragments were ligated into
the BamHI site of pUC18. Competent cells of E. coli JM103
were transformed by using the ligated DNA. The transfor-
mants were incubated in LB medium supplemented with 1
mM IPTG at 30°C for 1.5 h, spread on the selective plate
described above, and incubated at 30°C for about 2 weeks.
Recombinant clones having the ability to utilize 5-(2-meth-
ylthioethyl)hydantoin as a nitrogen source are expected to
form colonies.
DNA sequencing. Overlapping DNA fragments from the

cloned DNA were generated by using appropriate restric-
tion endonucleases and cloned in both orientations into
M13mp18 and/or M13mp19. Progressive unidirectional dele-
tions of the insert DNAs were created by the method of
Henikoff (10) by using a deletion kit (Takara Shuzo, Kyoto,
Japan). These recombinants were transfected into E. coli
JM103 to produce single-stranded templates. Nucleotide
sequences of the clones were determined by the dideoxy
chain termination method of Sanger et al. (26) by using a
Sequenase kit (U.S. Biochemical Corp., Cleveland, Ohio).
Sequence analysis was totally carried out for both strands.
For computer analysis, SDC-Genetyx software (Software
Development Co., Tokyo, Japan) was used.

Identification of gene products. E. coli JM103 carrying a
deletion derivative of pHPB12 was grown in 1.5 ml of LB
medium with shaking at 30°C. IPTG (7.5 ,ul of a 200 mM
solution) was added to the culture at an A6. of about 0.2,
and incubation was continued for another 2 h. The cells were
harvested by centrifugation (3,000 x g, 5 min, 4°C), sus-
pended in 600 ,ul of 25 mM Tris-HCl (pH 8.0) containing 50
mM glucose and 10 mM EDTA, and disrupted by sonication
on ice for 30 s with an ultrasonic homogenizer UR-20P
(Tomy Seiko Co., Tokyo, Japan). The cell debris was
removed by centrifugation (18,000 x g, 10 min, 4°C). The
supernatant was heated in the sample buffer containing 5%
(vol/vol) P-mercaptoethanol for 2 min over boiling water and
analyzed with a 12% polyacrylamide gel by the method of
Laemmli (16). After electrophoresis, the gel was stained with
Coomassie brilliant blue. Protein standards used for molec-
ular mass estimation were phosphorylase b (94.0 kDa),
bovine serum albumin (67.0 kDa), ovalbumin (43.0 kDa), and
carbonic anhydrase (30.0 kDa) (electrophoresis calibration
kit; Pharmacia LKB, Uppsala, Sweden).

Whole-ceil reactions. E. coli JM103 carrying a deletion
derivative of pHPB12 was grown in 1.5 ml of LB medium
with shaking at 30°C. IPTG (7.5 ,u1 of a 200 mM solution) and
optically active 5-(2-methylthioethyl)hydantoin or N-car-
bamylmethionine (150 pu1 of a 2% solution) were added to the
culture at an A6. of about 0.2. The incubation was continued
for 16 h for 5-(2-methylthioethyl)hydantoin or for 3 days for
N-carbamylmethionine. The culture medium was analyzed
by the thin-layer chromatography described above.

Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper have been submitted to
DDBJ, EMBL, and GenBank and assigned the accession
number D90469.

RESULTS

Isolation and characterization of the plasmid pHN671. A
DNA band corresponding to covalently closed circular DNA
was detected by the CsCl-ethidium bromide density gradient

FIG. 1. Structure of pHPB12. The thick line represents the
fragment from pHN671. The thin line represents the pUC18 vector.
The regions of the complete ORFs found in the insert are indicated
by arrows.

centrifugation of crude DNA from strain NS671. This DNA
was analyzed by agarose gel electrophoresis, and a single
plasmid, designated pHN671, was found. pHN671 was di-
gested with restriction endonucleases and analyzed by aga-
rose gel electrophoresis. The sizes of the fragments gener-
ated with BglII, KpnI, and PflMI added up to 170, 175, and
170 kb, respectively (data not shown). Thus, the total length
of pHN671 was estimated to be 172 kb.
To determine whether pHN671 is related to the conver-

sion of 5-substituted hydantoins to corresponding L-amino
acids, we attempted to cure strain NS671 with acridine
orange (10 pug/ml) or SDS (0.005%). Thirty-two colonies
were tested for their conversion ability after treatment. Two
strains from the acridine orange treatment and one strain

1 2 3 4
m #i_ m *I

insert- - +-- - + - +

HYD*

NCA*

MET*

origin
FIG. 2. Conversions of 5-(2-methylthioethyl)hydantoin and N-

carbamylmethionine by E. coli carrying pHPB12. E. coli carrying
either pUC18 (insert, -) or pHPB12 (insert, +) was incubated with
5-(2-methylthioethyl)hydantoin (lanes 1 and 2) or N-carbamyl-
methionine (lanes 3 and 4), and the resultant culture media
were analyzed by thin-layer chromatography. Lanes 1 and 3 are
the L-isomer and lanes 2 and 4 are the D-isomer of each substrate.
HYD, 5-(2-methylthioethyl)hydantoin; NCA, N-carbamylmethion-
ine; MET, methionine.
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GATCAAGAAAMA~F1rAAATCATGGCTATGGAAAAGG1TrATGAACTGGCATGTAGAFAGCCGATIGGATG(XACCATTITrV~GCAAGGGGAAA 100
D Q E I V V I S I A I E I V Y E L A C R V A D S D A T I F L Q G E T 34
ORF1

200
G V G I E V L A R T I H N S S I R I E A P F I I V N C G A I P E S 67

I I E S E L F G Y S I G T F T G G N I D G I I G L A Q A A H N G T

L F L D E I G E L P L N L Q A I L L Q L L N E l Q F T P L G E I I P

UGTAUAFGTATNEIIGAFEDYYLV Q V D V R F I A A T N R N L E D I V R E G T F R E D L Y Y R L F

TGIIATAaATrCPA LTATC EARCRADGIGPAFATAcICTrNVFALcEA TrFANAHAKTYAKTL
VI PI TI P SL SE B BED I PF L I NHFL E TF N IYKIL

300
100

400
134

500
167

600
200

700
Y I T I D E V V Q F F I D Y E I I G N V R E L Q N T I E R LV L I 234TATCATCAGCI>GCAAATAGJGTTAAGTGA=A 800
S S A Q Q I E L S D L S D K F I I A T S H T I G G I S G E G L N L 267

AAAGcAAAAAATGGAGCAATFrGAAAAGCAAATCCrrATTCAAACrrTAGAAAGCTCFAATAcAATGAAAGAAGCAAGTAAAAA1TAGGA(mGATGCAT 900
Q I E Q F E I Q I L I Q T L E S S N TI I E A S I N Stop 295

1000

IliA-IAIAAATlA-ibiAiIiI lAb! hAlIAA,AIilAAl-l-UlA,AAII IIAzA I IAI I1,hIAA-I-I.I-AAAI A,IAI -1-1-lAlIA.-I-I- l-AIITi 110W

GGCATGAAACrGCrAAATAATATrAGAACACAAVIlTrrA_AGGGGGAAAG'IUTGAAATrATrFGG(X~TAGAWr_TGAGGAACrrrrACCGATATA 1200
N K L F G V D V G G T F T D I 15
OR)F2(1yu)

ATTTTTAGCGAGCACTG 1300
I F S D T E T P V T A I H K V P T T L D D P S T G V V Q G I L E L C 49GTGA(XSltMTATATTGkCAG 1400
D R Q Y I D R T A I DH V FH G T T I A T N A I L E Y D G A K T G 82

GATGATCACAACAGAAGGATACAGGGATATCATACATAT GGGAGGCATCAACGACCACAAAACIUATItCATCATGCAAGAAATICCATGGCAGGATAGA 1500
Y I T T E G Y R D I IH I G RH Q R P Q N Y S I I Q E I P I Q D R 115

CCATrAG1~AG~AAGACATCGATrAGCGATFGCAGAGWrATGGGCCA(rTAAAGG~AGGTATrACT(XAGTACAGGAAGATCAAGMFOGGGTG 1600
P L V Q R R H R L A I A E R I G P V K G Q V I T P V Q E D Q V R G A 149

cGGTrGCAA TrAAAGGAAAGGGGW17GATFCTATrATrGTFAACrMrATIT[* *ATAcCAAccCTGAGCATGAACAAaTGTAAAAGAAATAAT 1700
V A T L I E R G V D S I I V N F L F S Y T N P E H E Q R V I E I I 182

1800
E E E Y P E A F V T I S S E V S P Q F R E F E R F T T A S I N G F 215

A 1900
V G P K V I N Y I Q N L E Q S L I D S G I S A E L H I I C S N G G V 249

TAGCAA~C~AAAAGfGTATC~GAAAAGWU~CAATATCAGGGCCMGCAGOCrAGGTATC7GGGAGGAGC_ _GGCCGGGATfAACAAA 2000
A T P K T V S E K P V N T L L S G P A A G I L G G A I A G E L T N 282

TGG 2100
R Q K L I T F D V G G T S A D I G I I T D S G Y G E S S A R D T * 315

AACGrACGCAGGACGCnATOCA1TAA AAATGCCGTGXGATTGEAArAGAGGTCTTAG20
I A G Y P V I V P I I D I H T I G A G G G S I A H I D E G G A F K V 349

FIG. 3. Nucleotide sequence of the insert DNA of pHPB12 and deduced amino acid sequences of ORFs. Nucleotides are numbered at the
right of the sequence lines, with nucleotide 1 corresponding to the first nucleotide of the insert DNA. Amino acids are numbered at the right
of the sequence lines, with amino acid 1 corresponding to the first amino acid of each ORF. Sequences similar to the -10 and -35 consensus
sequences for E. coli promoters are underlined.

from the SDS treatment lost the conversion ability and
simultaneously lost the plasmid. It was later found that
pHN671 is spontaneously eliminated from the host if the
bacterium is stored for a long time, and the resulting plas-
midless.mutants lost the conversion ability. These results
suggest that pHN671 contains genes responsible for the
conversion of 5-substituted hydantoins to corresponding
L-amino acids by strain NS671.

Cloning of the genes involved in the conversion of 5-substi-
tuted hydantoins to the corresponding L-amino acids. The
experimental approach used for the cloning of the genes
involved in the conversion of 5-substituted hydantoins to

corresponding L-amino acids was to select the clones of the
transformed E. coli cells with the ability to utilize 5-(2-
methylthioethyl)-hydantoin as a nitrogen source. Because E.
coli does not grow on a medium containing 5-(2-methylthio-
ethyl)hydantoin as the sole nitrogen source, it was a feasible
host for this experimental approach. A partial MboI library
of pHN671 was constructed by insertions within the BamHI
site of pUC18. Approximately 20,000 recombinant clones
were screened for their ability to form a colony on a selective
plate containing 5-(2-methylthioethyl)hydantoin as the sole
nitrogen source. Four clones formed colonies, and they were
ampicillin resistant. Plasmid DNAs were prepared from
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rr;GGGccAAGAAGIGCAGGrrVrItCAGGA_GCCTITAGGGGCATGGaGG17AAAGaAACAGTAA_TGATGCTAAQ_1TGTGCFVGGAAGGA 2300
G P R S A G S R P G P A C Y G I G G L K P T V S D A N V V L G 2 I 382

T&ATGMCATMlYlt:CrlG=CGAGA 2400
D E H N F L G G E I K I Y T N A A Y K V I D E L A G Q L D L S R E 415

AGAACAGCrGAAGGTGTVITGCAAll;WAMTA MTG CAACATGGCAAATGcGATrWrGAAAAAAaATrC_AAAAGGcGAGGACQGAGG_AGTICTCAT 2500
R T A E G V L Q I I N N N I A N A I R 2 K T I Q I G E D P R 2 F S L 449

TG1rrGCTrrrGGCGGAGOCG rrACATGCrAGAAGrCG(1rCAGATITFAAATATA(X AGAGGTA¶TATACCGrATMXCAGGATCAACrC2600
v A F G G A G P L H A V E V A Q I L N I P E V I I P L Y P G I N S 482COOCkCRGGATTAlTAUGACA _ _ _GAllTA

2700
A T G L L T T D L K Y D V I I T E F I I S T N I D F S G L N E D L 515

~ 2800
A G L E T Q L I N Q L I E D G V S K Q D I 2 I L R S A D C 2 Y A G Q 549AGGGGTA _ w2900
G Y E L R V D L P D V F L D E 2 T I V D A L N N F H E S H K A 2 Y 582

Ib1uAWrlAAAI H IALAbAA,AbUA..AAI iliAbID;WxII-A-IAlt.I kIAAUblIxAAUIbAI-MAIllAUzAAIU;IAA-I- MIAIUAIUAb J3UW0
G H N F T D S P I E F V N I R V T G T G Y I P K I E K Q A I HHE E 615

_A1~AATcGAAGATGCATITAAAAAcAGGGATG~rAcITrAATATGA1~GAAGOCTAErAAAAGT~AAATCAA1TI1n'A1tAAAGAG A_ __ _3100
Y Q L E D A L L K T G D A T F N I D G S L V K V E I N F Y Q R E K I 649

ITTCCGTI'GGTGCrGAATffAATGGTCCffGTATrGG MTA CGG 3200
P V G A E F N G P C I V L Q K D T T T V I P P N C T A Y I E E Y G 682

AAATA1~ATrATrATTAGGTAGGTG1MTAATrrA1AAATCCATACTGAmTTAAAGAAGA1~ACCAATrACGGrrCAGG¶TGTrCTAGGTIt1A 3300
N I I K V G V Stop IS K I T D L K KI D P I T V Q V V L G S L 23

OF3(hyuB)
GAAAAT~rrGllGTrGAATGGGACACAAGCrrGC~GGATGTCITATfCCAGTATFATr(XGGAA1ITGAAGAC1TRGrrGTGQCrAGrIIA1VrCA 3400
E N V A V E I G H K L A R I S Y S S I I R E S E D F G C A L V D V R 57

A G G A A A 3500
G Q Q L C E S S H S T P L Q S G P I P G Y I I G I R E I 1 E D R N 90

3600
D T F N Q G D V I I H N S P Y H G A S H G P D V G F C I P V F YD 123

~ ATCGTAGATWGGTAGATOOCTATG3700
D E L I G F S V T T A H H L D I G S S T P G S C G I V D A V D A Y A 157

GAAGcrGATGGGATA1 AAAGATAACATAcGC1cGAIWATr 3800
E G L Q F K A I K V Y D Q G V K N R Y V V D I L K D N I R A P K L 190

3900
V V G D I E A Q I A A A R I G A Q I Y I E I I E K Y G L D T V Q A 223

GCAAGAAGAACGA1IAASrA~CAGAAAAAATGATGQGGATCATrAAAAAGerGOCAGATGGAG AATACACTG~rGAAGG'rrrrrRGATGGAT 4000
A S E 2 L I N Y S E K I 1 R D A I K K L P D G E Y T A E G F L D G Y 257

AmAGACMrGAcGATccrGcrAAAAAAGA1TrAAGAATCAATGTAAc&GTGAAGGTrGATGGGAGTGAT1TTACAAGTCGArrrGACTGGGACATCITC 4100
L D S D D P A K K D L R I N V T V K V D G S D L T V D L T G T S P 290

TCAAIGACrGAICAAACCAATCAATA1rrA¶TAGGAACMItGATATIrA1ICTA1VrrACATrACGGItAAT~rrACrAGAT r(XACAGTATAT 4200
Q V T D K P I N I P L L G T V D I A I Y L T L R S I L L D S T V Y 323

s
ACGATTGCRC ~~~~~~~~4300

G N F P Q N S G L I R P I K I V A P K G T L C N P I F P A P T I A R 357

,AT_AATIU!GGGAATGCAG17GCTG=TACrITAATGAAAGCTrrAGCACAGGTCrGTItCATCAGGJVWIGTGCrGGT GCM rCAGGTrGT 4400
F N S G N A V A D T L 1 K A L A Q V V P H Q V S A G V G N L Q V V 390

FIG. 3-Continued.

these clones and analyzed with PstI. Each of them consisted
of two common PstI fragments of 4.6 and 4.1 kb and an
additional PstI fragment of either 1.5 (two clones), 2.3, or 6.8
kb. This result suggests that the inserts of the recombinant
plasmids are derived from the identical portion in pHN671
and oriented in the same direction, but the terminals of the
inserts opposite from the lac promoter are different. Detailed
restriction analysis was performed on the smallest plasmid,
designated pHPB12, which contains an insert of 7.5 kb, and
the restriction map is shown in Fig. 1. Retransformation of
E. coli with pHPB12 yielded transformants that could grow
on an agar plate containing either 5-(2-methylthioethyl)hy-

dantoin or N-carbamylmethionine as the sole nitrogen
source.
The conversions of 5-(2-methylthioethyl)hydantoin and

N-carbamylmethionine by E. coli carrying pHPB12 were
examined, and the results are shown in Fig. 2. Both L-5-(2-
methylthioethyl)hydantoin and N-carbamyl-L-methionine
were converted to methionine, which was found to be the
L-isomer by thin-layer chromatography by using a Chiral
plate (Macherey-Nagel). D-5-(2-Methylthioethyl)hydantoin
was converted to N-carbamylmethionine but not to methio-
nine. This N-carbamylmethionine was thought to be the
D-isomer since N-carbamyl-D-methionine was not converted
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GGCATrcAGCAAA~rAATGAGAA1TAcGwrrATATGGATA1TAC~GAAGGGAG(~rATG& G&TAGGCTAGGCAAGGATGGAAZMTGGATGCTA 4500
A F S G Q S N E N Y V V Y I D I I E G S Y G GR Y G I D G I D A V 423

GATACTTTATACO(FAAACTAAAUC TATCCGATAGAAGATATTGAATCGCTATvC1sTAAGAGTAAATCGATATGAGCrAAGAGATAATGATAGTG 4600
D T L Y A N T R N N P I E D I E S H Y P L R V N R Y E L R D N D S A 457

CTCCAGGGG&MTAGGATCCATGACA 4700
P G I V R G G I G S I R E V S F L A D G S F S V E A D G H K Y A P 490

4800
V G F D D G Q D G Y V G S L S I R D N E T N E L V Q L P S K L P N 523

4900
R H A Q S G S T I Q L V G P C G G G Y G N P L E R E P E K V L S D Y 557

A1TrAGATGGA1 ATTrArrACAAACGAAG( (GGAATATGGAAGATrA(TGATTCAGAGGSAMTAGATrAATCAGAAG 500
L D G F I T I E K A L V E Y G V T I T D S E E I D Y E K T N E L R 590

5100
K v Stop I T V T I S IE R L R L I E Q L G E I G I T 28

O1F4(byuC)
CGAMGATMGGOOGTACAAWITTAllX>AXAGATAGAGMGCTAGG 5200
K D K G VQ R L A L S K E D R E A T L L V S E V I R E A G L T V T 61

TCATGATcAT1TrGGGAArITAAT1CGACCGGAAGAGGGAGAAA(cAAG(xMCrCGclrOAATGATCGGrrCrCATATrGAllt[vTGCGAAAMTGC 5300
HD HF G N L I G RIK E G E T P S L P S V I I G S H I D S V R N G 94

5400
G K F D G V I G V L A G I E 1 V H A I S e A N V V H E H S I E V V A 128

rIrIrrAAAAAG GITAMTGACGGATr GAGtAA0AG AGGTAAATcAAM AGACAA 5500
F C E E E G S R F N D G L F G S R G I V G K V K P H D L Q K V D D 161

TAACAATwFAM sAGATATGAA0arAAAAA(mGGm7CGGATAGAT( CTGA1TITAC(XACCAATVFATACGGGAGATFGGTGACATTAAACAT 5600
N N V T R Y E A L K T F G F G I D P D F T H Q S I R E I G D I IK 194

TAflflGAGATGCATAflGAGCAAG0GCATAT(GAGCMAATAATAATrAAXMCAATAG0GATTATAAGTGGGAi iww,wu,iu,Iu,G,iAATM GoGTAA 5700
Y F E I H I E Q G P Y L E K N N Y P I G I V S G I A G P S V F K V R 228

GGzrAGrr GGAGAAG~fGGCcATGCGGGGAGIIX[VX(ATGAGI~rACOCAAAGATWfAG1tCGGGCTGCGGATCTAGT:U-CATTAAAGAAG CTCT 5800
L V G E A G H A G T V P I S L R K D P L V G A A H V I K E V E T L 261

rrGTATGAAcCGTCCAAATGCICACAGTCGGCACFfGGTAGAATAGQGC1TflWWGAGGAAGTAATATrATItCCGATCAGT1GAGATrA(XC 5900
C I N D P N A P T V G T V G R I A A F P G G S N I I P E S V E F T 294

ClTGATATCAGGGATATIGAA MCGGAGAGACGAAMCMAAATTAATGAGAAGATAGAAGAGAGGATTGGAATCAX 600
L D I R D I E L E R R N K I I E K I E E I I K L V S N T R G L E Y Q 328

AGATrGAAAAAAAcATGGCrGCAGICI~GTGAAATGCTCTGAAAATvrAATCAAcITAAAACAATCAT0CAAGAzGCTGGAG&TAGATccAcXATT 6100
I H K N I A A V P V K C S E N L I N S L K Q S C K E L E I D A P I 361

TATCGTTACCTGCGAAGNMATAACAGAAATAGGMAAATM0CACA 6200
I V S G A G H D A I F L A E I T E I G I V F V R C R N G I S B S P 394

AAAGAEI DADATAILATAGA TKAAF LATYEIUATAIAAATATTA,TITAAIStoTA1A
K H V A H I D D I L T G T K V L V H S I I K H I Sto

6300
418

CTOCCATACAATrGAATAA1TATAATAmA1TnGGAAAATT TMTA=AlTnrrAAAAATATmTnAGAAA CAAAGGMT=TAAA1 MTAC 6400

ATIAGMGsTAAATGAA[G%GACrAAA11TCAAAMCTTCGATCITAGAATACr[ACr GATAGGTAAAAAAATAAT MTTrAATrAA CTA1TFGAAAMnGAA 6500

TrATrGATGTrAGGCcAACATCAAOITAmltllTrVrCCAGTATFAGAAATGGTfl7GCUll TAGACAATCATCACAATAAAACTAGTAACACAAAC 6600

AAAATGTV:TIrrATAGAGAATVAATCCGAACATrATGAAGAAC1TCAAAGAAGATIJTrVrAAGGAAAAATrAAAAGGAGGTAATrIVrrTGAATAA 6700

FIG. 3-Continued.

by E. coli carrying pHPB12 (Fig. 2, lane 4). To determine the
configuration of the N-carbamylmethionine produced from
D-5-(2-methylthioethyl)hydantoin, we converted it chemi-
cally to methionine by the sodium nitrite method (36), and it
was found to be the D-isomer judging from the configuration
of this methionine. Thus, E. coli carrying pHPB12 is able to
convert D- and L-5-(2-methylthioethyl)hydantoin to N-car-
bamyl-D- and N-carbamyl-L-methionine, respectively, and
to convert N-carbamyl-L-methionine to L-methionine.

Nucleotide sequence analysis. The sequence of the 7.5-kb
insert DNA of pHPB12 is shown in Fig. 3. Analysis of the
sequence revealed five open reading frames (ORFs), desig-

nated ORF1, ORF2, ORF3, ORF4, and ORF5. All of these
ORFs were in the same orientation. ORF1 and ORF5 were
truncated, and only the 3' portion ofORFi (295 amino acids)
and the 5' portion of ORF5 (245 amino acids) were present in
the insert. ORF2, ORF3, and ORF4 were closely spaced,
suggesting that these ORFs may be translationally coupled
(23). ORF2 and ORF3 were preceded by possible ribosome-
binding sites (Shine-Dalgarno sequences) and were predicted
to encode peptides of 690 and 592 amino acids, with calcu-
lated molecular masses of 75.6 and 64.9 kDa, respectively.
ORF4 started with two adjacent ATG triplets (positions 5019
and 5031), but a possible ribosome-binding site (GGAGGA)
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CGTTMATGAAAAGGGGAITAGTTTAAAG0GAAAAGACATCATWCGACAGTGAACAAGGAAAGAAATAATGATATTTG 6800
N P T V N K E R N I S S I A Y F I L IV 20
OPF5

GGGATAGCTTACAACrA TA AACATGGCrCAGCG CT C 6900
G I A V Q L V T P I T A A Q L Y P A L S P L Q I I I A C I L G N L I 54

TTGTIGCTATTTTTTAGC 7000
V A I L L T L L G D I G V R Y G I P Y A V Y I R A S F G Y L G AH 87

TATACCAGGTATTGTAarlGa:GTlnGCOGTAUACATGGAllZATAllllsATGCMTCATGGMATGTTAACG 7100
I P G I V R A V P A V F I F G F Q T * I G A Y A L D A I I E I L T 120

GGrrAMCGTTAAxrAcAAATlTTrTArTTT AGTGCAAATCATrCAAcACATGGGAATGGAAGCrATrACAAAA~Tl'GAATGGTGG 7200
G Y S N L T L L I I L F G V V Q I I N T A I G I E A I T K F E I L A 154

Cllw=AGTATTTTMTTATAGGTATTATUTACMGTATATATTATGAMCAGCATCAmAACATTCAGTGAGAmltlllGkCGG 7300
S P S I L I I G I I L Q V Y I I K Q H H L T F S E I F S B G G D G 187

lt;CICrllaTGGGCrAlt;ClCAATGATCOG^ACATATANAGAAMAAAAAGAXAAAa 7400
G V S I G Y A V V V I I G T Y I T I A L N A P D F T R F LK T K T 220

GUfAUwMlUGarMTAATWIAAA(RAATAA1iAWrrUU1bb1AALA I-A I HAI 11 AIMic,AIU,

G S S E P N V V I V N K G S F I A H T F G L I G S
FIG. 3-Continued.

7475
245

was present between these triplets. Therefore, the proper
translational initiation codon would be the second triplet,
and ORF4 was predicted to encode a peptide of 414 amino
acids, with a calculated molecular mass of 45.7 kDa.
The nucleotide compositions of the intergenic regions

between ORFi and ORF2 and between ORF4 and ORF5
were A+T rich (72% for both) compared with those of
ORF2, ORF3, and ORF4 (58% on the average). Upstream of
ORF2 and ORFS, sequences similar to the -10 and -35
consensus sequences for E. coli promoters were found.
These sequences are TTGGCAN16TAATAT (positions 1099
to 1126) and CTGCCAN16TAATAT (positions 6301 to 6328).
Downstream of ORF4, two palindromic sequences (posi-
tions 6280 to 6311 and 6504 to 6526) were found. The latter
sequence was followed by a run of T residues, which is
typical of the p-independent transcriptional termination sig-
nals (25).

Construction of deletion derivatives of pHPB12 and identi-
fication of the gene products of the ORFs. To identify the gene
products of the ORFs, we constructed some deletion deriv-
atives of pHPB12 as follows. pHPB12 was digested indepen-
dently with BamHI, XbaI, and KpnI, and the fragments were
self-ligated. The desired recombinant plasmids were verified
by restriction analysis and designated pDBA35, pDXB51,

and pDKP46, respectively. pDKP46 was digested with XbaI,
and the fragment was self-ligated to yield pDKX35. pHPB12
was double digested with SmaI-StuI and PflMI-StuI inde-
pendently, and the latter was treated with mung bean nucle-
ase to produce blunt ends. These fragments were self-
ligated, and the resulting recombinant plasmids were
designated pDST38 and pDSP73, respectively. The deletion
derivatives obtained above are summarized in Fig. 4.
The cell extracts from E. coli carrying the deletion deriv-

atives of pHPB12 were analyzed by SDS-polyacrylamide gel
electrophoresis (Fig. 5). E. coli carrying pHPB12, as com-
pared with that carrying pUC18, exhibited three additional
peptide bands with apparent molecular masses of 76, 66, and
45 kDa. The 76-kDa peptide appeared only in the case where
the deletion derivatives contained intact ORF2, and the
apparent molecular mass was in good agreement with the
calculated molecular mass of the ORF2 product (75.6 kDa).
Similarly, the 66- and 45-kDa peptides appeared only in the
cases where the deletion derivatives contained intact ORF3
and intact ORF4, respectively, and the apparent molecular
masses were in good agreement with the calculated molec-
ular masses of the ORF3 product (64.9 kDa) and ORF4
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FIG. 4. Structures of the deletion derivatives of pHPB12. The
closed boxes represent the pUC18 vector, the open boxes indicate
insert DNAs, and the thin lines indicate deleted regions. Restriction
endonucleases used to construct the deletion derivatives are shown
at the top of the figure. The regions of the complete ORFs found in
the insert of pHPB12 are indicated by arrows.
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FIG. 5. Identification of the gene products of the ORFs found in

the insert of pHPB12. The cell extracts of E. coli carrying the
deletion derivatives of pHPB12 defined in Fig. 4 were analyzed by
SDS-polyacrylamide gel electrophoresis. Peptide bands not seen in
the extract of the cells carrying pUC18 are indicated by arrows.
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FIG. 6. Conversions of 5-(2-methylthioethyl)hydantoin and N-carbamylmethionine by E. coli carrying the deletion derivatives of pHPB12.
E. coli carrying the deletion derivatives of pHPB12 shown in Fig. 4 were incubated with N-carbamyl-L-methionine (A), L-5-(2-
methylthioethyl)hydantoin (B), or D-5-(2-methylthioethyl)hydantoin (C), and the resultant culture media were analyzed by thin-layer
chromatography. HYD, 5-(2-methylthioethyl)hydantoin; NCA, N-carbamylmethionine; MET, methionine.

product (45.7 kDa), respectively. These results indicate that
the 76-, 66-, and 45-kDa peptides are the gene products of
ORF2, ORF3, and ORF4, respectively.

Functions of the gene products of the ORFs. To determine
the functions of the gene products of the ORFs, we exam-
ined the conversions of 5-(2-methylthioethyl)hydantoin and
N-carbamylmethionine by E. coli carrying the deletion de-
rivatives of pHPB12. N-carbamyl-L-methionine was con-
verted to L-methionine only by the cells containing intact
ORF4 (Fig. 6A). D- and L-5-(2-Methylthioethyl)hydantoin
were converted only by the cells containing both intact
ORF2 and intact ORF3 (Fig. 6B and C). When using
pDXB51, deficient in ORF4, N-carbamyl-L-methionine was
produced from L-5-(2-methylthioethyl)hydantoin (Fig. 6B).
The N-carbamylmethionine produced from D-5-(2-methylth-
ioethyl)hydantoin was the D-isomer so that it was not
converted to methionine by the cells carrying pHPB12 (Fig.
6C). These results indicate that both ORF2 and ORF3 are
involved in the conversions of D- and L-5-(2-methylthioeth-
yl)hydantoin to N-carbamyl-D- and N-carbamyl-L-methio-
nine, respectively, and that ORF4 is involved in the conver-
sion of N-carbamyl-L-methionine to L-methionine. Thus,
ORF2, ORF3, and ORF4 were renamed hyuA, hyuB, and
hyuC (hydantoin utilization), respectively.

DISCUSSION
The results of curing experiments suggest that pHN671 is

responsible for the conversion of 5-substituted hydantoins to
corresponding L-amino acids by strain NS671. In fact, the
genes involved in the conversion were cloned from pHN671
which was purified by the CsCl-ethidium bromide density
gradient centrifugation. Furthermore, the derivation of the
cloned genes was confirmed by comparing the restriction
fragments generated from the insert of pHPB12 with those
generated from pHN671. Restriction fragments correspond-
ing to the BanII (5.45-kb), EcoNI (4.44-kb), HpaI (5.45-kb),
and PstI (4.06-kb) fragments from the insert ofpHPB12 were
also found in pHN671 digested with the same endonucleases
(data not shown).
The 7.5-kb insert DNA of pHPB12 was sequenced, and

three complete ORFs (hyuA, hyuB, and hyuC) were found in
this insert. The potential initiation codons for hyuA and hyuB
are ATG triplets at positions 1156 and 3232, respectively,
considering the apparent molecular masses of the gene
products (Fig. 5). For hyuC, there are two potential initiation
codons at positions 5019 and 5031. The gene product ofhyuC

was purified from E. coli carrying pDST38, containing
complete hyuC. Its N-terminal amino acid sequence was
analyzed and found to be M-K-T-V-T-I-S-K-E-X-L (where
X indicates unidentified residue). Therefore, the transla-
tional start of hyuC is thought to be the ATG triplet at
position 5031, which is reasonable considering the position
of the potential Shine-Dalgarno sequence (positions 5021 to
5026).

Nucleotide sequence identities were found between hyuA
and hyuC (43%) and between hyuB and hyuC (46%), suggest-
ing that these genes have evolved from a common ancestor
by gene duplications. In contrast with the nucleotide se-
quence identities, an amino acid sequence identity was
found only between C-terminal regions of the deduced
sequences of hyuA and hyuB (15% in 126 amino acids).
The deduced amino acid sequences of the ORFs found in

the insert of pHPB12, except that of ORF1, had no signifi-
cant similarity to the known sequences in the NBRF (release
26) and SWISS (release 15) protein data bases. The deduced
amino acid sequence of ORF1 was found to share strong
homology with the gene products of nifA (40 to 46% in 237 to
287 amino acids) from different species (2, 6, 9, 18, 21, 32),
ntrC (42 to 44% in 248 to 264 amino acids) from Klebsiella
pneumoniae (6) and E. coli (20), dctD (42% in 231 amino
acids) from Rhizobium leguminosarum (24) and Rhizobium
meliloti (15), xylR (40% in 229 amino acids) from Pseudomo-
nas putida (13), tyrR (40% in 229 amino acids) from E. coli
(7), and hydG (37% in 290 amino acids) from E. coli (29). All
of these are regulatory proteins which function at a tran-
scriptional level. It is of interest that, upstream of hyuA and
ORF5, sequences similar to the consensus sequence
(CTGGYAYRN4TTGCA) for nitrogen-regulated or nitrogen
fixation promoters (Ntr or Nif promoters) (1, 3) were found.
These sequences are TTGGCATGN4TTGCG (positions
1099 to 1115) and CTGCCATAN3TTGAA (positions 6301 to
6316), overlapping the sequences similar to the consensus
sequences for E. coli a70 promoters (Fig. 3). The Ntr or Nif
promoters are recognized by the aJ54 RNA polymerase (11,
12), which requires the transcriptional activator ntrC or nifA
product (5, 8). Future efforts to establish the function of the
ORF1 product should yield information concerning the reg-
ulation of the expression of the genes involved in the
conversion of 5-substituted hydantoins to L-amino acids.

E. coli carrying pHPB12 converted D-5-(2-methylthioeth-
yl)hydantoin only to N-carbamyl-D-methionine, while the
original bacterium strain NS671 converted it to L-methio-
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nine. This fact indicates that strain NS671 can racemize
5-(2-methylthioethyl)hydantoin. The search for the addi-
tional gene responsible for the reaction is now in progress.
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